ABSTRACT Objective: To determine the forces and moments delivered to a maxillary central incisor during rotation by three different thermoplastic appliances with identical thickness. Materials and Methods: Five identical appliances were manufactured from each of three materials (Ideal Clear 1.0 mm, Erkodur 1.0 mm, Biolon 1.0 mm). An upper central incisor fixed in a measuring device was rotated around its central axis in 0.5-degree steps to 62.5 degrees, 65 degrees, and 67.5 degrees (equivalent to an activation of 60.17 mm, 60.34 mm, and 60.51 mm of the incisor edge) in the clockwise and anticlockwise directions with the respective appliance fixed in place. For statistical analysis, the moments Tz (rotation) and forces Fz (intrusion) were tested. Means and standard deviations for Tz and median and 25% and 75% quantiles for Fz were calculated. An analysis of variance (ANOVA) was performed. Results: The minimal moment was determined at a rotation of 20.17 mm (27.3 Nmm, 60.8), and the maximal moment at a deflection of 20.51 mm (271.8 Nmm. 62.5) was recorded. The minimal value for Fz was measured at an activation of 20.17 mm (0.0 N), and the highest intrusive forces were evaluated for a rotation of 20.51 mm (25.8 N). The particular material sometimes had a significant (P , .05) influence on the forces delivered and the moments. Conclusions: During rotation with aligners, an intrusive force can also be observed. The direction of rotation, and the materials used all exert an influence on the force delivery properties of the appliance.
INTRODUCTION
The use of thermoplastic appliances is primarily recommended for mild malocclusions, and it is often used successfully for alignment of the mandibular and maxillary anterior teeth. 1, 2 In this context, treatment must frequently be given for rotations of the teeth, and this form of treatment has been reported to be one of the most accurate and highly predictable types of tooth movement with aligners. 2, 3 Even though the movement of teeth with thermoplastic appliances has been clinically documented, the force delivery properties of these appliances have only been evaluated in a few in vivo 4 and in vitro studies of tipping movement. 5, 6 The aim of the present study was to evaluate the forces and moments exerted by removable thermoplastic appliances produced by three different, hard thermoplastic materials, with the same thickness, on a maxillary central incisor during rotation in vitro.
MATERIALS AND METHODS
The measurements were carried out with a newly developed modular measuring device, which was described in detail recently. 5 It was constructed for modular use and is composed of a quadrangular frame rigidly coupled on a base-plate by four posts. A resin bowl can be reversibly fixed in the frame by a locking screw. A standardized resin model (Frasaco GmbH, Tettnang, Germany), with the separated maxillary central incisor as the measuring tooth, was fixed by plaster in the resin bowl. The measuring tooth itself was fixed on the sensor (Nano 17 sensor, ATI Industrial Automation, Apex, NC) by a clamp. The sensor was again positioned on a rotary stage (DT 130, OWIS GmbH, Staufen, Germany) for rotating the measuring tooth. The rotary stage, in turn, was fixed by an additional aluminum frame on the base-plate ( Figure 1 ). The complete measuring device could be moved into a climate chamber to simulate oral moisture and temperature conditions. After installation of the measuring device, one impression (Tetrachrom, Kanidenta, Herford, Germany) with the measuring tooth in the neutral position was made, and subsequently a plaster model was produced with GC Fujirock EP (GC Germany GmbH, Munich, Germany). This model was trimmed to a height of 20 mm parallel to the occlusal plane and 15 identical plaster copies (GC Fujirock EP) of the model were finally made using Adisil blue 9:1 (SILADENT Dr. Bö hme & Schö ps GmbH, Goslar, Germany). Five equally extended appliances were constructed on these models from each material evaluated.
The materials and forming machines used were Biolon 1.0 mm (Dreve Dentamid GmbH, Unna, Germany) with Drufomat-TE (Dreve Dentamid), Erkodur 1.0 mm (Erkodent Erich Kopp GmbH, Pfalzgrafenweiler, Germany) with Erkoform RVE (Erkodent Erich Kopp), and Ideal Clear 1.0 mm (Dentsply GAC, Grä felfing, Germany) with Vacuum-forming Machine 202 (Dentsply GAC, Bohemia, NY).
Measurements were carried out at 37uC in the drying chamber. The inner surfaces of the appliances were moistened with artificial saliva (University Pharmacy, Goettingen, Germany). The forces and moments measured by the sensor were set to zero before starting the measuring cycle.
For measuring the forces and moments delivered during rotation, the tooth was rotated along its central axis (center of the incisor edge and the root) in a clockwise direction from 0 degrees to 10 degrees and back to 0 degrees in 0.5-degree steps and then in an anticlockwise direction from 0 degrees to 210 degrees and back to 0 degrees in 0.5-degree steps. The measurements were recorded five times after each step. All six components of forces and moments (Fx, Fy, Fz, Tx, Ty, Tz) were measured. For the comparison of the three materials, values for the intrusive force Fz and the rotational moment Tz at the angles of 62.5 degrees, 65 degrees, and 67.5 degrees were used. To provide a more illuminating comparison with results available in the literature for comparable measurements, the angular degrees were converted into distance moved in millimeters from the mesial and distal endpoint of the incisor edge, respectively (60.17 mm, 60.34 mm, and 60.51 mm). The first two values are comparable to the lower and upper limit for an activation range given in the literature for the Invisalign appliance (0.15 mm and 0.33 mm, respectively), 2, 7 whereas the third value was approximately comparable to the programmed distance in the Clear Smile appliance (0.5 mm). 4 
Statistical Analysis
Because hysteresis could be observed, for further analysis only the Fz and Tz values measured during increasing rotation in a particular direction were used.
The forces (Fz) and moments (Tz) measured at a particular activation range (60.17 mm, 60.34 mm, and 60.51 mm) were compared among the three materials by analysis of variance (ANOVA) for repeated measurements. Because Fz values showed a skewed distribution, a nonparametric version of AN-OVA was utilized for the analysis, whereas Tz values were analyzed with the classical parametric ANOVA. Assumptions regarding distributions were checked by means of quantile-quantile plots. Accordingly, Tz values were described by means (6SE) and Fz values by medians (25% and 75% quantiles). Analyses of variance were performed with SAS (version 9.1, SAS Institute, Chicago, Ill). The significance level was set to a 5 .05 for all tests. 
RESULTS
A typical load-deflection diagram illustrated for one material (Biolon), as produced for all six components (Fx, Fy, Fz, Tx, Ty, Tz) during a measuring cycle is given in Figure 2 . Even though Fx and Fy, as well as Tx and Ty, show measurable changes, the eyecatching course of the curves in terms of the height of the values and their regularity can be observed for the values Fz and Tz.
The means and standard deviations for the moment Tz at the respective distances moved are given for each material in Table 1 . The corresponding results for Fz are shown in Table 2 by the median (50% quantile) and the 25% and 75% quantiles.
The results for the comparison of the corresponding samples are shown in Tables 3 and 4 . The corresponding box plots are illustrated in Figures 3 and 4 .
At the lower rotation range of 60. Table 1 ). The differences between the appliances according to Tz at this movement range were statistically significant (P , .01, Biolon vs Erkodur, P 5 .03) ( Table 3) .
At the high rotation range of 60.51 mm, the Biolon appliance delivered the highest moments (Tz: 271. Table 1) . The values for the Erkodur appliances were always significantly different from those of the other materials (P , .01; Tz at 60.17 mm, Biolon vs Erkodur, P 5 .03) ( Table 3) .
The median values for Fz at the low activation range of 60.17 mm are calculated to be between 0.0 N (20.17 mm, Biolon) and 20.8 N (0.17 mm, Ideal Clear) ( Table 2 ). The Fz values measured when delivered by the Ideal Clear appliances at this low activation range were significantly higher than those for the other two materials evaluated (P , .01) ( Table 4) .
The highest median values for Fz were evaluated for the Biolon appliances at the distance moved of 60.51 mm (20.51 mm: Fz 5 25.8 N; +0.51 mm: Fz 5 25.2 N) ( Table 2) . These values for Fz at this movement range are significantly higher than the corresponding values for the other two materials (P , .01) ( Table 4 ). 
DISCUSSION
Until now, it has been almost impossible to simulate the periodontal tissues in an in vitro reconstruction taking the local stresses and strains and the viscoelastic and multiphasic properties of the periodontal ligament into account. Therefore, in vitro research on orthodontic forces has mainly been restricted to an experimental set-up such as that used in the present study. Consequently, the values measured are initial ones when no rapid tooth movement can be expected. [8] [9] [10] [11] [12] The axial moment Tz is produced by two horizontal forces acting in opposite directions, which are generated when the crown is rotated against the vestibular and palatal inner surfaces of the appliance. In an idealized situation, the two forces would cancel each other and a pure moment would remain. But, when considering Figure 2 , the values for Fx and Fy demonstrate that, during the measuring cycle, constantly acting, horizontal forces are still present. This can be explained by the complex shape of the crown with, for example, a palatal concavity and a vestibular convexity. As a consequence, continuously changing, uneven forces on the vestibular and palatal side during rotation are to be expected (Figures 2 and 5) .
The Tz values are difficult to compare with those reported in the literature as being ideal for axial rotation. Instead of moments, Proffit 13 gave force values as standard values between 0.35 and 0.6 N, such as for tipping, which were mainly exceeded by the results measured. According to Proffit, 13 it is almost impossible to create pure rotation. The tooth would always also tip in its socket and, therefore, an area of compression would be created. This argument seems to apply also to the use of thermoplastic appliances because tipping forces (Fx, Fy) could be measured during the whole rotation cycle in the present study ( Figure 2 ). Nevertheless, it has also been reported in the literature that values for moments about 615 Nmm occur during therapy with fixed appliances. 14,15 These values were just maintained with the present measurements at an activation of 60.17 mm. When the tooth was rotated more, the values were approximately two to four and a half times higher.
During the axial rotation, an intrusive force could also be measured which has already been described as being a general phenomenon associated with thermoplastic appliances as ''the watermelon seed FORCES DELIVERED BY THERMOPLASTIC APPLIANCES effect.'' 16 Comparable values and Fz values about three times higher than those measured in the present study have been reported before, for the same materials, during tipping of 0.151 mm. 5 These intrusive force can be explained by a local deformation of the inclined inner surfaces of the appliance ( Figure 5 ) and with a reduced fit during progressive axial rotation, which tends to deform the appliance like a bow, by raising it in the anterior region. As a consequence, a reactive force Fz is generated that acts vertically on the tooth.
The median Fz values were measured between 0 N and 25.8 N. Even at a deflection of 60.17 mm, the values given by Proffit 13 as being ideal for intrusion (0.1-0.2 N) are mostly exceeded by two to two and a half times. When the tooth was rotated up to 60.34 mm and 60.51 mm, respectively, the over step was approximately up to 25 times. As reported in the literature, especially for intrusion, low force levels are desired, 13 but it is still unclear whether root resorption caused by large forces is a particular problem with thermoplastic appliances. [17] [18] [19] Nevertheless, the forces at the lower range of activation are of lesser relevance, because the amount of movement is adapted to the width of the periodontal ligament (0.1-0.3 mm). 20, 21 As postulated before, 5, 6 a self-protecting mechanism might be responsible for a low rate of root resorption, even with appliances with an initial activation range of over 0.2 mm. 4, [17] [18] [19] This mechanism is probably based on the reduced fit of the appliance during increased activation. As a consequence, full activation would not become operative and, in fact, the large measured forces could be due to lower activation ranges than originally intended.
As a general phenomenon, in the present study, the forces and moments for anticlockwise activation were larger than for clockwise rotation. A potential rationale for this might be the different crown forms of the measuring tooth in the mesial and distal directions and the different shapes and sizes of neighboring teeth mesial and distal. Consequently, the appliance is molded differently on the mesial and distal proximity of the measuring tooth and, therefore, the respective forces delivered in these areas are probably different. This suggests that the complex force delivery properties of thermoplastic appliances are additionally influenced by the position and shape of the teeth adjacent to the tooth which it is intended to move.
As a trend, compared to the other two materials, the vacuum-formed Biolon appliances produced greater moments and forces at the higher rates of activation. On the other hand, the forces and moments delivered by the vacuum formed Ideal Clear appliances were Figure 5 . The tooth is rotated anticlockwise prior to therapy around its central axis (long dotted vertical line). Two major contact areas in the vestibular and palatal directions between the crown and the inner surfaces of the appliance result (dotted circles). Because of the convergently inclined walls of the appliance in the vestibular and palatal contact areas (dotted tangent lines), vertical (Fz) and horizontal (Fx) force components result. Since the inclinations of the tangents are different on both sides, the norms of the respective vector components (Fx, Fz) are also different on both sides. Consequently, there is no pure rotation, but tipping also occurs.
higher at the low activation ranges. All in all, the forces and moments delivered by the vacuum-formed Erkodur appliances were always the lowest.
At lower activation ranges, different chemical and physical material properties (according to the manufacturers' information: Biolon 5 polyethylene terephthalate, Erkodur and Ideal Clear 5 glycol-modified polyethylene terephthalate) might be responsible for the different force levels. At these ranges, the local deformations of the material and friction phenomena at the contact areas are perhaps of greater relevance. Whereas at higher activation ranges when the appliance gets progressively lifted up in the anterior region, the friction of the appliance that acts against this lifting up in the posterior region is probably of more importance. This friction is probably influenced by the particular thermoforming process. While, for example, the Erkodur appliances are vacuum-formed with a vacuum of 0.8 bar, the Biolon appliances are pressureformed with a pressure of 6 bar. For the Erkodur appliances, whose values are always lower, a further spacing foil between tooth and appliance that is removed after thermoforming could have a certain influence. Nevertheless, this foil has, according to the manufacturers' information, a thickness before thermoforming of 0.05 mm. This will be reduced after thermoforming by a certain amount. Overall, the thickness of this foil after thermoforming is probably comparable to the distance moved by one activation step in the present study. A further indication of a probably reduced relevance of the spacing foil on force values in the Erkodur appliances is that because at the low activation range of 60.17 mm when the influence due to the small distance moved might be of greater relevance, the Erkodur appliances delivered higher Fz forces than the Biolon appliances. Finally, it remains somewhat unclear which specific material-dependent effect is relevant for the forces and moments delivered at a particular activation range.
CONCLUSIONS
N During rotation of the maxillary central incisor, an intrusive force could be measured despite the rotating moment. N The measured forces and moments are higher than those recommended in the literature. But, according to the literature, potential biologic adverse effects remain unclear. N Due to the complex shape of the crown, no pure moments and also continuously acting and changing horizontal forces could be measured. N Also, the particular materials with their corresponding thermoforming processes had a measurable effect on the forces delivered. These observations illustrate once more the multiple factors influencing the force delivery properties of thermoplastic appliances.
